Microscopic Study of the Superconducting State of the Iron Pnictide RbFe 2 As 2 
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A study of the temperature and field dependence of the penetration depth A of the superconduc- 
tor RbFe2As2 (T c = 2.52 K) was carried out by means of muon-spin rotation measurements. In 
addition to the zero temperature value of the penetration depth A(0) = 267(5) nm, a determination 
of the upper critical field -B C 2(0) = 2.6(2) T was obtained. The temperature dependence of the 
superconducting carrier concentration is discussed within the framework of a multi-gap scenario. 
Compared to the other "122" systems which exhibit much higher Fermi level, a strong reduction of 
the large gap BCS ratio 2/S./k^T c is observed. This is interpreted as a consequence of the absence 
of interband processes. Indications of possible pair-breaking effect are also discussed. 



The iron arsenide AFe2As2 systems (where A is an 
alkaline earth element) crystallize with the tetragonal 
ThCi'2Si2 type structure (space group IA/mmm) 1 . The 
interest for these compounds arises from the observa- 
tion of superconductivity with transition temperatures 
T c up to 38 K upon alkali metal substitution for the A 
element 2 ^—, or partial transition metal substitution for 
iron£. A huge number of studies were already devoted to 
unravel the properties of their superconducting ground 
state. However, some studies are hampered by the fact 
that to date no clear picture could be drawn about the 
bulk character of the superconductivity. For example, 
in superconducting systems obtained from the substitu- 
tion of the A element (like K for Ba), muon-spin rota- 
tion/relaxation (/^SR) measurements studies clearly in- 
dicate the occurrence of phase separation between mag- 
netic and superconducting phases^—. On the other hand, 
substitution performed on the superconducting plane, as 
cobalt substitution for iron, does not reveal any phase 
separation as reported also by /iSR 9 . 

The alkali metal iron arsenide RbFe2As2 was discov- 
ered some years agoi^ but was only recently found, by 
Bukowski et alAi, to exhibit type II bulk superconduc- 
tivity below T c ~ 2.6 K. The reported studies were hin- 
dered by a limited temperature range of the equipment 
and the full development of the Meissner state could not 
be recorded. The estimated value of the upper critical 
field at zero temperature, B C 2 ~ 2.5 T, was obtained 
from magnetization measurements performed at various 
field down to 1.5 K in the mixed state and by assuming 
a temperature dependence provided by the Werthamer- 
Helfand-Hohenberg theory^. 

Compared to the better known compound BaFe2As2, 
RbFe2As2 possesses a lower Fermi level and is character- 
ized by the absence of magnetic instability. Furthermore, 
the electron deficiency in RbFe2 AS2 leads also to a change 
(i.e. a decrease) of the number of bands contributing 
to the superconducting state, compared for example to 
Bai_ a; K a ;Fe2As2. Hence, one expects a strong decrease 
of the contribution of the electron-like bands at the M 



point of the Fermi surface. Such a decrease has been ob- 
served by angle-resolved photoemission spectroscopy^ 2 - in 
the analog system KFe2As2, which also presents a case 
of naturally hole-(over)doped system when compared to 
the alkaline earth "122" iron-based superconductors. 

As exemplified by a number of recent studies, the /iSR 
technique is very well suited to investigate the supercon- 
ducting properties of iron-based systems (see for exam- 
ple Ref. 131 ). In addition, due to its comparatively low 
upper critical field B c i and its reduced T c , the system 
RbFe2As2 opens a unique opportunity to fully study the 
B — T phase diagram of an iron-arsenide compound. 

In this article, we report on a detailed study of the 
temperature and field dependence of the magnetic pen- 
etration depth of RbFe2As2, which is closely related to 
the superconducting carrier concentration. 

Polycrystalline samples of RbFe2As2 were synthesized 
in two steps as reported recently^. The /iSR measure- 
ments were performed at the 7rM3 beamline of the Paul 
Scherrer Institute (Villigen, Switzerland), using the GPS 
instrument (for temperatures down to 1.6 K and field up 
to 0.6 T) as well as the LTF instrument (for tempera- 
tures down to 0.02 K and higher fields). Both zero field 
(ZF) and transverse field (TF) /xSR measurements were 
performed. Additional transport studies were performed 
on the very same sample at the ETH-Zurich using an ac 
Transport Option of a Quantum Design 14T-PPMS. 

To exclude the occurrence of any magnetic contribu- 
tions of the Fe ions at low temperature, we performed 
first ZF mesurements above and below T c . As exemplified 
by the data reported on Fig. QJ,, no sign of static mag- 
netism could be detected on the ZF response RbFe2As2. 
The data are well described by a standard Kubo-Toyabe 
depolarization function^, reflecting the field distribution 
at the muon site created by the nuclear moments. The 
marginal increase of the depolarization rate, not related 
to the superconducting transition, possibly points to a 
slowing down of the magnetic fluctuations. 

Figure [Tb exhibits the TF /iSR time spectra measured 
in an applied field of 0.01 T, above (T = 4 K) and be- 
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FIG. 1: Typical /iSR spectra recorded above and below T c , 
in: a) zero field; and b) transverse field. 

low (T = 0.02 K) the superconducting transition tem- 
perature. The strong muon-spin depolarization at low 
temperatures reflects the formation of the flux-line lat- 
tice (FLL) in the superconducting state. The long-lived 
component detectable at low temperatures is due to a 
background contribution from the sample holder. In a 
polycrystalline sample the magnetic penetration depth A 
(and consequently the superconducting carrier concen- 
tration n s oc 1/A 2 ) can be extracted from the Gaus- 
sian muon-spin depolarization rate c s (T) (see also below 
Eq. [2J, which reflects the second moment {cr 2 /^ 2 ) of the 
magnetic field distribution due to the FLL in the mixed 
state. The TF data were analyzed using the polarization 
function: 



A P(t) = A s exp 
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The first term on the right-hand side of Eq. [TJ rep- 
resents the sample contribution, where A s denotes the 
initial asymmetry connected to the sample signal; a s is 
the Gaussian relaxation rate due to the FLL; a n is the 
contribution to the field distribution arising from the nu- 
clear moment and which is found to be temperature in- 
dependent, in agreement with the ZF results; B- lnt is the 
internal magnetic field, sensed by the muons and ip is the 
initial phase of the muon-spin ensemble. The second term 
reflects the muons stopping in the silver sample holder, 
where ^4 s h denotes the initial asymmetry connected to 
the holder signal; a s h is the relaxation rate due to the 
nuclear moments (which is very close to zero in this case) 
and _B s h is the magnetic field in the sample holder, which 
has essentially the value of the external field. 

On Fig. [2l we report the temperature dependence of 
cr s extracted from TF-/iSR measurements in four differ- 
ent fields. We note first that the perfect fits obtained 
by assuming a Gaussian field distribution of the FLL 
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FIG. 2: Temperature dependence of the depolarization rate 
due to the FLL in RbFe2As2 and obtained in fields of 1.5, 
0.5, 0.1 and 0.01 T (lines are guides to the eye). Insert: Field 
dependence of <r s obtained at 1.6 K and analyzed using the 
Eq. [2] The dashed line represents a fit using the B C 2 value 
given by the magnetoresistivity data (with an arbitrary cri- 
terium of a resistivity increase corresponding to 20% of its 
value in the normal state). The solid line corresponds to a 
similar analysis, but considering B C 2 as a free parameter. 

point to a rather large anisotropy of the magnetic pen- 
etration depth in our system. This is confirmed by re- 
cent /xSR measurements performed on hole- and electron- 
doped "122" systems^. As expected, a s is zero in the 
paramagnetic state and starts to increase below T C (B) 
when the FLL is formed. Upon lowering the tempera- 
ture, <t s increases gradually reflecting the decrease of the 
penetration depth or, alternatively, the increase of the 
superconducting density. The overall decrease of a s at 
very low temperatures observed upon increasing the ap- 
plied field is a direct consequence of the decrease of the 
width of the internal field distribution when increasing 
the field towards B c i- In order to quantify such an ef- 
fect, one can make use of the numerical Ginzburg-Landau 
model, developed by Brandt^. This model allows one to 
calculate the superconducting carrier concentration with 
good approximation within the local (London) approxi- 
mation (A ;§> £, £ is the coherence length). This model 
predicts the magnetic field dependence of the second mo- 
ment of the magnetic field distribution or, alternatively, 
of the /iSR depolarization rate, which can be expressed 
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The insert of Fig.[2]exhibits the evolution of a s at 1.6 K 
as a function of the external applied magnetic field. For 
each data point, the sample was field-cooled from above 
T c down to 1.6 K and the recorded [iSR spectra were 
analyzed with Eq. Q] The field dependence of a s was an- 
alyzed with Eq. [2] using the values of the upper critical 
field B C 2 given either by an arbitrary criterium based on 
magnetoresistivity measurements (see Fig.|3^) or by leav- 




FIG. 3: a) Field dependence of the electrical resistivity, b) 
Upper critical field for RbFe2As2- The open circles are ob- 
tained by analyzing the field dependence of a a using Eq. [2] as 
explained in the text. The diamonds are the value obtained 
by analyzing the temperature dependence of <r s . The blue 
stars correspond to the complete disappearence of the resis- 
tivity in field. For comparison, we report the values given by 
the magnetoresistivity data with the same criterium used in 
the insert of Fig. [2] and corresponding to the values extracted 
along the line p n i 20% °f the upper panel. The line is a guide 
to the eye. 

ing the parameter B C 2 free. The latter option provides 
excellent fits for all temperatures and the corresponding 
fitted values of the superconducting carrier concentration 
and of the upper critical fields are reported on Fig. @] and 
[5}d. An additional point provided by this first investiga- 
tion, is that the penetration depth can be assumed to 
be field independent. This rules out the possibility that 
RbFe2As2 is a nodal superconductor, since a field should 
have induced excitations at the gap nodes due to nonlocal 
and nonlinear effects, thus reducing the superconducting 
carrier concentration n s and therefore affecting A (see for 
example Ref . Il6h . 

By looking at the temperature dependence of A ob- 
tained using Eq. [2] with the values of the parameter 
BcziT) presented on Fig. [3}d, the zero-temperature value 
of the penetration depth A(0) = 267(5) nm can be de- 
duced. The obtained temperature dependence of A~ 2 
was analyzed, in a first step, within the framework of 
a BCS single s-wave symmetry superconducting gap A 
(see Fig. S]), using the formal: 
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where f(e,T) = (1 + exp^e 2 + A(T) 2 /k B T})-\ and 
with a standard BCS temperature dependence for the 
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FIG. 4: Magnetic penetration depth as a function of temper- 
ature. Above 0.5 K, the values obtained with Eq. [5] coincides 
with the values measured in a field of 0.01 T, and only these 
latter are plotted for this temperature range. The red dashed 
line corresponds to a BCS s-wave gap symmetry, whereas the 
solid one to represents a fit using a two-gap s + s model. The 
insert exhibits the penetration depth as a function of (T/T c ) 2 . 

gap function. As evidenced on Fig. 01 this analysis is not 
satisfactory. We note also that a d-wave symmetry model 
does not fit the data, confirming at posteriori the dis- 
cussion of a field independent penetration depth. These 
results are actually not unexpected, as there are growing 
evidences that several disconnected Fermi-surface sheets 
contribute to the superconductivity, as revealed by angle- 
resolved photoemission spectroscopy^, resulting into two 
distinct values of superconducting gaps. Hence, in a sec- 
ond step, the experimental A~ 2 (T) data were analyzed 
by assuming two independent contributions with differ- 
ent values Ai of s-wave gap o 8 ' 18 i 19 . On Fig. @] the solid 
line shows a s + s multi-gap function which fits to the ex- 
perimental data rather well. The parameters extracted 
from the fit are Ai(0) = 0.15(2) meV for the small gap 
value (contributing u> = 36% to the total amount of n s ) 
and A2 = 0.49(4) meV for the larger one. However, 
note that according to Eq. [3] A~ 2 is insensitive to the 
phase of the superconducting gap(s). By considering the 
intrinsic hole-doping in RbFe2As2 compared to the op- 
timally doped "122" iron-based system, it is natural to 
consider that the gaps values are connected respectively 
to the outer (/3) and inner (a) hole-like bands at the 
r point of the Fermi surface. In this frame, RbFe2As2 
can be considered as hole-overdoped with electron-like 7 
and d bands at the M point, which shift to the unoccu- 
pied side. Note that in optimally doped "122" systems, 
one observes the occurrence of e hole bands (so-called 
"blades") around the M point, which also slightly con- 
tribute to the superconducting carrier concentration. 

An additional support for a two-gap superconducting 
state could be provided by the observed positive cur- 
vature of the B C 2(T) near T c , in sharp contrast to the 
usual B c2 BCS temperature dependence (see Fig. (3]d). 
Note first that the values of B c2 extracted from the fit 
with Eq. [5] are in perfect agreement with: i) the values 
corresponding to the complete suppression of the elec- 



trical resistivity in field; and ii) to the values obtained 
by analyzing the temperature dependence of er s in differ- 
ent magnetic fields (see Fig. [2]). An additional indication 
that bulk superconductivity occurs when the electrical re- 
sistivity completely vanishes is provided by specific heat 
measurements 2 ^ performed in zero-applied field for which 
the observed T c corresponds to 2.50(1) K. 

Similar positive curvature of the B C 2 (T) near T c were 
observed in MgB 2 21 ' 22 and in the borocarbides 2 ^, where 
it was explained within a two-gap model. However, one 
should keep in mind that alternative explanations for the 
observed positive curvature in B C 2(T) are possible and 
that complementary measurements, as here our A~ 2 (T) 
data, are necessary to draw conclusions. 

If on one hand, the two-gap model scenario appears to 
best fit the temperature dependence of the penetration 
depth, on the other hand one could argue that it does not 
appear fully consistent with the observation that the field 
evolution of the field distribution follows Eq. [5J Hence for 
a two-gap model, one expects a deviation from the sim- 
ple field dependence reflecting the occurrence of distinct 
lengths scales £j for both gaps (associated to the coher- 
ence length, for a clean single gap system) . Such behavior 
is for example clearly observed on the archetypical two- 
gap superconductor MgB2 24 . The experimental observa- 
tion that Eq. [^reproduces our data indicates a small dif- 
ference between the £j parameters for both bands. This 
is also inline with the very good agreement between the 
extracted values of B c i with Eq. [5] and the observed val- 
ues by resistivity. In this frame, we also mention that 
ARPES measurements 2 ^ on members of the "122" fam- 
ily indicate that the Fermi velocity of the inner T-barrel 
band (a band) is substantially higher that the one for 
the outer T-barrel band (/3 band) , which therefore weak- 
ens the difference of the gap values on the £, parameters 
(as £ oc (vp)/A). Finally, we note that the observed de- 
polarization rate in RbFe2As2 is about 40 times weaker 
than the one reported for MgB2, hampering therefore the 
determination of possible distinct £j length scales. 

For completeness, we discuss now the slight devia- 
tion observed at very low temperatures from the s + s 
fit and the X~ 2 (T) data. Recently, it was shown that 
the observation of universal scalings in the whole iron- 
pnictides superconductors, for the specific heat jump 
(AC oc T c 3 ) and the slope of upper critical field at T c 
(dB C 2/dT oc T c ) could be interpreted as signatures for 
strong pair-breaking effects 2 ^, as for example magnetic 
scattering. In the same frame it was deduced^! that such 



an effect should lead to a very low temperature depen- 
dence of the penetration depth deviating from an usual 
exponential behavior and transforming into a quadratic 
one, i.e. A oc T 2 , which is indeed reported in a num- 
ber of studies (see for example Ref. 28.29J). On the in- 
sert of Fig. 0] we report the extracted penetration depth 
as a function of (T/T c ) 2 . The good scaling is inline 
with the presence of magnetic scattering in RbFe2As2, 
as previously reported for hole- or electron-doped "122" 
systems 2 ^. 

To conclude, /iSR measurements were performed on a 
RbFe2As2 polycrystalline sample. From the temperature 
and field dependence of the superconducting response of 
the /xSR signal, the values of the upper critical field and 
of the magnetic penetration depth could be extracted. 
The zero temperature values of -B C 2(0) and A(0) were 
estimated to be 2.6(2) T and 267(5) nm, respectively. 
The temperature dependence of the penetration depth, 
and similarly of the superconducting carrier concentra- 
tion, are reproduced assuming a multi-gap model, with 
possibly pair-breaking effects at low temperatures. The 
multi-gap scenario is supported by the observation of a 
clear positive curvature on the temperature dependence 
of the upper critical field. We attribute these gaps to the 
hole-like bands around the T point of the Fermi surface, 
and possibly also to the hole-bands blades around the 
M point. Assuming that the 7 and S electron-like bands 
around the M point are in the unoccupied side, one would 
expect an absence of nesting conditions in RbFe2As2- 
The consequence would be an absence of magnetic or- 
der, as confirmed by our ZF data, and a strong decrease 
of the interband processes between the a and j(S) bands. 
In this frame, it is remarkable to see that the ratio be- 
tween the gaps values is decreased by a factor more than 
2 compared to optimally doped "122" systems. Similarly, 
we note that the BCS ratio 2A//cbT c for the small gap 
that we assign to the j3 band is almost identical to the 
values observed for optimally doped Bai_ :z: K; E Fe2As2, i.e. 
2Ai/A;bT c — 1.4. On the other side, for the large gap of 
the a band, this ratio is strongly reduced&2£, confirming 
therefore the possible role played by interband processes 
in optimally hole-doped iron-based "122" superconduc- 
tors. 
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